V(D)J recombination allows for rearrangement of antigen receptor gene variable (V), diversity (D), and joining (J) segments, resulting in a diverse array of antigen receptors. The reaction occurs in B and T cells and requires the recombinase activity of the lymphoid-specific RAG1 and RAG2 (1, 2) . RAG1/2 are directed to the correct sites of recombination by recombination signal sequences (RSSs), 1 each consisting of a conserved nonamer and heptamer element, separated by a less conserved spacer of 12 (12RSS) or 23 (23RSS) nucleotides (3) .
The recombination reaction can be divided into two steps. First, RAGs bind and cleave at the heptamer/coding borders of one 12RSS and one 23RSS, generating hairpin coding ends and blunt 5Ј-phosphorylated signal ends (4) . Second, DNA breaks are repaired, with hairpin coding ends being opened, processed, and ligated to form an imprecise coding joint, and signal ends are precisely ligated to form a signal joint (4) .
In vivo and in vitro experiments have shown that the processing-repair step involves the participation of lymphoid-specific terminal deoxynucleotidyl transferases (TdTS and TdTL) (5), the ubiquitous nonhomologous end-joining (NHEJ) factors, including Ku70, Ku80, DNA-dependent protein kinase catalytic subunit (DNA-PKcs), XRCC4, DNA ligase IV, Artemis (for a review, see Refs. 6 and 7), and DNA polymerase (8) . How all of these factors are specifically recruited and coordinately assembled during V(D)J recombination is largely unknown (for further discussion see Ref. 9 ). However, it has been proposed that they are recruited through interactions of Ku70/80 with RAG-generated ends (10 -12) .
Recombination must be correctly targeted, both spatially and temporally. One critical level of regulation is that a 12RSS and 23RSS pairing is highly preferred for recombination. This preference, termed the 12/23 rule, operates at the cleavage step of the reaction in vivo and in vitro (13) (14) (15) (16) . RAG1/2 were first shown to establish the 12/23 rule in vitro (17) , with a 3-4-fold preference for a 12/23 substrate. We and others have shown that high mobility group protein 1 or 2 (HMGB1 or HMGB2) stimulates RAG-mediated cleavage (18, 19) . HMGB1 was later shown to enforce the 12/23 rule in vitro (13, 15, 20, 21) . This conclusion was reached using either a trans-RSS cleavage assay (13, 21) or cleavage assays in which the cis-RSS substrate contained a gap (20) or a nick (15) between the RSSs.
Using a cis-RSS cleavage assay containing RAGs, we reported that additional ubiquitous factors present in whole cell extract (WCE) enhance the 12/23 rule (19) . We have fractionated and characterized this extract and here demonstrate that DNA-PKcs and Ku70/Ku80 play a role in 12/23-regulated cleavage. Since the 12/23 rule is set at the cleavage step, this finding implicates DNA-PKcs and Ku70/Ku80 as components of the precleavage complex upstream of DNA repair.
EXPERIMENTAL PROCEDURES

Plasmids
The mammalian expression vectors for GST-core RAG1 and GSTcore RAG2 have been described (34) . Plasmids pEF-FT-RAG1 and pEF-HT-RAG2 encode thioredoxin (Trx) fusions to core RAG1 (residues * This work was supported by National Institutes of Health Grants AI38890 and AI45996-05 (to M. C. N. and P. C., respectively). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 380 -1040) or core RAG2 (residues 1-383), tagged at the N terminus with a FLAG (RAG1) or an HA (RAG2) epitope. Subcloning details can be obtained upon request.
Recombination substrates pJH290 12/23 (35), 12/12, and 23/23 (19) were PCR-amplified using RA2 and RA14 primers to yield a 560-bp amplicon containing the RSSs. The PCR fragment was then cloned into PCR2.1 vector using TA cloning (Invitrogen). The subcloned deletion substrates are identified as pDS12/23, pDS12/12, and pDS23/23.
Cell Culture and Transfection
293T cell culture and transfection were as described (19, 36) .
Purification of Recombinant Proteins
RAGs-GST-RAG proteins were copurified, as described (19) . FLAGTrx-RAG1⅐HA-Trx-RAG2 complex was purified by incubating the cell lysate with anti-FLAG M2-agarose affinity gel (Sigma); after subsequent washes, the fusion proteins were eluted at 4°C in elution buffer consisting of 25 mM Tris-HCl (pH 8.0, 4°C), 200 mM NaCl, 20% glycerol, and 200 g/ml FLAG peptide (Sigma). Protein preparations were kept at Ϫ80°C. Concentrations of GST-RAG1 and GST-RAG2 were determined to be 100 and 200 ng/l, respectively. For FLAG-Trx-RAG and HA-Trx-RAG2, the concentrations were 100 and 50 ng/l, respectively.
HMGB1-Cells from a 1-liter bacterial (BL21) culture were resuspended in 30 ml of lysis buffer (20 mM Tris⅐HCl, pH 7.5, 200 mM NaCl, 1.0% Nonidet P-40, and protease inhibitors) and then successively treated with lysozyme (50 g/ml) and DNase I (200 g/ml and 5 mM MgCl 2 ) for 1-2 h at 4°C. The lysed mixture was centrifuged at 16,000 rpm for 30 min to collect the supernatant. The supernatant was passed through a 2-ml Ni 2ϩ -nitrilotriacetic acid column, washed extensively with the wash buffer (50 mM NaH 2 PO 4 , pH 8.0, 0.5 M NaCl, 5 mM ␤-mercaptoethanol, 0.5% Tween 20, 10 mM imidazole, and 10% glycerol), and then the protein was eluted with 350 mM imidazole in wash buffer. The sample was dialyzed in buffer B (50 mM NaH 2 PO 4 , pH 8.0, 0.1 M NaCl, 5 mM ␤-mercaptoethanol, and 10% glycerol) and loaded on a 20-ml DEAE column. Elution was made with a 0.1-1.0 M KCl gradient, and the fractions containing HMGB1 (it was eluted near 220 mM KCl) was pooled together and dialyzed against buffer B. The dialyzed sample was loaded on a 5-ml MonoQ column, and the protein was eluted with a 0.1-0.5 M KCl gradient. His 6 -HMGB1 was eluted between 200 and 250 mM KCl. The fractions containing HMGB1 were pooled together and dialyzed against 25 mM Tris⅐HCl, pH 7.5, 150 mM NaCl, 2 mM dithiothreitol, and 10% glycerol.
Large Scale Culture of 293T Cells and Whole Cell Extract Preparation
293T cells were grown in spinner culture in Joklik's minimal essential medium (Sigma), and 100 liters of suspension cells were grown and harvested (National Cell Culture Center, Minneapolis, MN). Whole cell extracts were prepared as described (16, 19) .
Purification of the Cleavage-enhancing and Cleavage-inhibitory Activities
Column fractions were analyzed by two cleavage assays: one assaying only for cleavage enhancing activity, to locate active peaks, and the other utilizing the positive peak in combination with the S300 activity (regulated cleavage assay). The 293T WCE was loaded onto a High Q column equilibrated with BC100 (20 mM Tris-Cl pH 7.9, 0.2 mM EDTA, 20% glycerol, 100 mM KCl, 1 mM phenylmethylsulfonyl fluoride, and 1 mM dithiothreitol). The flow-through (possessing the 12/23 enforcing activity) was loaded onto a High S column equilibrated with BH100 (20 mM HEPES, pH 7.9, 1 mM MgCl 2 , 0.1 mM EDTA, 20% glycerol, 100 mM KCl, 1 mM phenylmethylsulfonyl fluoride, and 1 mM dithiothreitol). The column was step-eluted at 300, 600, and 1000 mM KCl. The regulatory activity separated into cleavage-enhancing and cleavage-inhibitory activities at this point. For cleavage-enhancing activity, see the Supplementary Material. For cleavage-inhibitory activity, the 300 mM elution from the High S column was further fractionated into several columns, but the inhibitory activity was lost.
Purification of Ku70, Ku80, and DNA-PKcs
Using human placenta or HeLa cells as a source, Ku70/Ku80 heterodimer and DNA-PKcs were separately purified as previously described (37) .
Preparation of DNA Cleavage Substrate
End-labeled linear double stranded cis-cleavage substrates were obtained by EcoRI digestion of the pDS substrates, liberating a DNA fragment containing the respective RSS pair. 250 ng of the cleavage substrate was then radioactively end-labeled with exo Ϫ Klenow enzyme and [␣- 32 P]dATP and [␣-32 P]TTP. The labeled substrates were gelpurified, ethanol-precipitated, and resuspended in 5 mM Tris-Cl (pH 7.9). Body-labeled linear double-stranded cis-cleavage substrates were obtained by PCR using the pJH290 DNAs, RA2, and RA14 primers and [␣-32 P]dCTP. Radioactive PCR products were first purified by column (Qiagen) and further purified by gel extraction; DNA was quantified by agarose gel-ethidium bromide staining.
Cleavage Assay
Assays Containing Linear DNA-Cleavage reaction conditions were as previously described (16, 19) , except that 5 mM MgAc 2 was used in the assay (50 l). For protein purification experiments, assays contained combinations of 100 ng of GST-RAG1 (19 nM), 200 ng of GST-RAG2 (58 nM), column pools containing the cleavage enhancing and cleavage inhibitory activities, and 1.5 g of HMGB1 (1.2 M) when required. Reconstitution experiments using GST-RAGs contained the above proteins plus 10 -100 ng of Ku70/Ku80 (1.3-13 nM) and 10 -100 ng of DNA-PKcs (0.4 -4 nM). Reconstitution experiments using TrxRAGs contained 100 ng of FLAG-Trx-RAG1 (23 nM), 50 ng of HA-Trx-RAG2 (18 nM), 50 -500 ng of HMGB1 (40 -400 nM), 100 -400 ng of Ku70/Ku80 (13-52 nM), and 100 -400 ng of DNA-PKcs (4 -16 nM). After sample processing, gel electrophoresis, and gel drying, DNA cleavage products were visualized using a Storm PhosphorImager (Amersham Biosciences) and quantified using ImageQuant software (Amersham Biosciences). For body-labeled linear substrates, signal end (SE) product was used as a direct parameter to quantify cleavage activity. To properly compare between different linear DNA substrates, the levels of SE product were expressed as a percentage of the radioactivity of its corresponding DNA substrate. -Fold preference of 12/23 substrate was determined by comparing the percentages of SE products between 12/23 and 12/12 or 23/23 substrate-containing reactions.
Assays Containing Plasmid DNA-Cleavage reactions were carried out with 1 g (6.7 nM) of pDS plasmids (12/23, 12/12, or 23/23) and the same amount of proteins as above, except that 400 ng of FLAG-Trx-RAG1 (92 nM) and 200 ng of HA-Trx-RAG2 (72 nM) were used. After a 1.5-h incubation, samples were processed exactly as described above, except that precipitated DNA was resuspended in 0.1ϫ TE buffer and digested with the single cutting enzyme NcoI (10 units) for 3 h. After digestion, DNA was fractionated on a native 1.1% agarose gel, transferred to nylon membranes, UV-cross-linked, and probed with a radiolabeled probe obtained by PCR using the RA2 and RA14 primers and pJH290 12/23 as template. Data were then visualized and quantified as described. SE product was used as a direct parameter to compare between different substrates.
Immunodepletions
The monoclonal antibody 162 (NeoMarkers), recognizing the Ku70/ Ku80 native heterodimer, or an isotype-matched control anti-keratin monoclonal antibody LHK6B (NeoMarkers) was cross-linked to Protein A-Sepharose. 200 l of S300 regulatory fraction was incubated with 10 l of cross-linked anti-Ku or anti-keratin beads for 1 h at 4°C. Beads were pelleted by centrifugation, and supernatants were transferred to a second microcentrifuge tube and incubated again with 10 l of anti-Ku or anti-keratin beads. This process was repeated four times.
Western Blotting
Protein samples were resolved on a 4 -20% SDS-PAGE gel and transferred to polyvinylidene difluoride membrane. Chicken anti-HMGB2 antibody was used for HMGB proteins. For Ku70/Ku80 Western blots, monoclonals N3H10 and 111 were used (Neomarkers). The antibody 18-2 (Neomarkers) was used to detect DNA-PKcs.
RESULTS
Identification of a 12/23
Rule Enforcing Activity-Our previous work demonstrated that RAG1 and RAG2 complemented with 293T WCE show strict 12/23 regulation in vitro (19) . To facilitate the characterization of the regulatory activity found in the 293T WCE, we used cis-cleavage substrates (19) equally labeled at both ends (Fig. 1A ). Cleavage at both RSSs yields 90-and 180-base pair radiolabeled DNA fragments from the 12/23, 12/12, and 23/23 substrates; single RSS cleavage events produce fragments of ϳ380 or 470 base pairs (Fig. 1A) . The 12/23 rule predicts that only coupled cleavage products (cleavage at both RSSs) from the 12/23 substrate should be formed.
Copurified GST-core-RAG1 and GST-core-RAG2 (RAG1/2) were able to cleave all substrates (Fig. 1B, lanes 1 and 2) . Purified recombinant HMGB1 added to the reaction preferentially enhanced RAG-mediated cleavage of substrates possessing a 23RSS (Fig. 1B, lanes 5 and 6) . Since the combination of RAG1/2 and HMGB1 still produced high levels of cleavage of 12/12 and 23/23 substrates, this protein combination was evidently not sufficient to enforce the 12/23 rule (Fig. 1B , lanes 5 and 6). In contrast, the addition of 293T WCE to the reaction gave only coupled cleavage products from the 12/23 substrate and suppressed cleavage of 12/12 and 23/23 substrates in this system (Fig. 1B, lanes 3 and 4) . Thus, 293T WCE possesses an activity that promotes 12/23-regulated cleavage, as previously described (19) .
To identify the factors involved, we generated WCE from a 100-liter 293T cell culture. We then fractionated the WCE using a High Q column as a negative chromatography step. The flow-through from this column was applied to a High S column at 100 mM KCl and step-eluted at 300, 600, and 1000 mM KCl. This resolved two regulatory activities (Fig. 1C, lanes 2 and 3) . The 300 mM High S fraction (S300) was inhibitory, decreasing RAG-mediated cleavage of all substrates (Fig. 1C, lane 2) . In contrast, the 600 mM High S fraction (S600) had a cleavageenhancing activity similar to that of HMGB1 (compare Fig. 1B , lanes 5 and 6, with Fig. 1C, lane 3) . 12/23-regulated cleavage was reconstituted only when the S300 and S600 fractions were combined, producing a marked 12/23 RSS preference for cleavage (Fig. 1C, lane 4) . Thus, inhibitory and enhancing components of the regulatory activity found in the WCE could be separated by High S column chromatography.
Purification and Characterization of the Cleavage-enhancing and -inhibitory Activities-We purified the cleavage-enhancing activity present in the S600 pool by fractionation as depicted in Supplementary Fig. 1 . Mass spectrometry identified the protein as human HMGB2 (data not shown). This protein reacted with anti-HMGB2 antibody on Western blots but migrated faster than native HMGB1 or HMGB2 from WCE (Supplementary Fig. 1C ). Its faster electrophoretic mobility and binding characteristics on DNA-cellulose suggested that the form of HMGB2 purified is lacking its acidic carboxyl tail (22) . Removal of HMGB acidic tail allows for much higher DNA binding and bending characteristics (23) . Therefore, cleavage assays were performed to directly compare the HMGB species found in the DNA-cellulose fraction with full-length HMGB1 (Supplementary Fig. 1D ). In the presence of the S300 fraction, HMGB1 conferred 12/23 specificity to the RAGs, yet 1.5 g of HMGB1 were required to compare with the activity found in 10 ng of the DNA-cellulose cleavage enhancing fraction ( Supplementary  Fig. 1D ). We conclude that the cleavage-enhancing activity found in the purified S600 fraction is due to the presence of this fast migrating form of HMGB2 and that full-length HMGB1 could replace the purified activity.
We initially attempted to purify the inhibitory activity found in the S300 fraction by column chromatography, but after two subsequent columns the activity was lost (data not shown). Further attempts to purify the regulatory activity failed. As an alternative strategy to identify and characterize the activity present in the S300 fraction, we assayed for proteins known to participate in the DNA repair stage of V(D)J recombination. Western blot analysis demonstrated that the S300 fraction contained Ku70/Ku80, DNA-PKcs, and XRCC4 proteins ( Fig.  2A and data not shown). Inhibitory activities of Ku70/Ku80 toward transcription factors have been described (24) . To determine whether Ku could be responsible for the cleavageinhibitory activity of the S300 fraction, we immunodepleted Ku70/Ku80 from the S300 fraction using a monoclonal antibody that exclusively recognizes the native heterodimer (Fig.  2B) . Two sequential depletions left only residual Ku proteins in the supernatant, which could not be further depleted (Fig. 2B ). An isotype control depletion, using anti-keratin antibodies, retained all Ku70/Ku80 heterodimer in the supernatant (Fig.  2B) . The Ku70/Ku80-depleted and control-depleted S300 fractions were then tested in the cleavage assay. Control-depleted S300 fractions were unchanged for activity, inhibiting RAGmediated cleavage of substrates in the absence of HMGB1 and conferring 12/23 regulation in the presence of HMGB1, demonstrating that the depletion protocol itself does not considerably affect the inhibitory activity (Fig. 2C, lanes 10 -13) . In contrast, anti-Ku heterodimer depletion removed most of the inhibitory activity from the S300 fraction (Fig. 2C, lanes 2 and 3 versus  lanes 6 and 7) . When HMGB1 and Ku-depleted S300 were present in the reaction, regulated cleavage activity was lost, with high levels of cleavage of 12/12 and 23/23 substrates (Fig.  2C, lanes 8 and 9) . We conclude that Ku70/Ku80 is required for the activity found in the S300 fraction.
Reconstitution of the 12/23 Rule with Purified Components-We then addressed whether Ku70/Ku80 is exclusively responsible for the S300 activity. Immunodepletions may have codepleted other factors complexed with Ku70/Ku80, such as DNA-PKcs. We purified Ku70/Ku80 heterodimer and DNAPKcs in order to reconstitute the reaction (Supplementary Fig.  2 ). Cleavage assays were performed with combinations of purified RAG1/2, HMGB1, Ku70/80, and DNA-PKcs, whereas protein combinations including the S300 fraction served as controls (Fig. 3) . The addition of DNA-PKcs to RAG1/2 or to RAG1/2 with HMGB1 had little effect on the cleavage reaction (Fig. 3) . The addition of Ku70/Ku80 to RAG1/2 or to RAG1/2 with HMGB1 inhibited cleavage of all substrates (Fig. 3) . This result was identical to the effect of the S300 fraction (Fig. 3,  lanes 5 and 6) . Although purified Ku heterodimer could inhibit cleavage of the substrates, it could not be used in combination with HMGB1 to regain 12/23 specificity, demonstrating that purified Ku70/Ku80 was not sufficient to replace the activity found in the S300 fraction (Fig. 3, compare control lanes 7 and  8 with lanes 25-28) . Thus, neither DNA-PKcs alone nor Ku70/ Ku80 alone is sufficient to reconstitute 12/23-regulated cleavage in a reaction mixture containing RAG1/2 and HMGB1. In contrast, when both Ku70/Ku80 and DNA-PKcs were added to a reaction containing RAG1/2 and HMGB1, we observed high levels of cleavage of the 12/23 substrate and significant inhibition of cleavage of 12/12 and 23/23 substrates (Fig. 3, lanes  29 -32) . This combination of proteins achieved the same effect on RAG-mediated cleavage seen with the combination of S300 and HMGB1 (Fig. 3, lanes 7 and 8) . Interestingly, increasing amounts of Ku70/Ku80 within this protein combination did not inhibit the high levels of 12/23-regulated cleavage that were observed (Fig. 3, lanes 29 -32) . In a reaction containing DNAPKcs, Ku70/Ku80, and RAG1/2, but lacking HMGB1, regulated cleavage was not observed. Instead, inhibition of cleavage of all substrates was seen (Fig. 3, lane 33 ). In conclusion, Ku70/80 and DNA-PKcs, when used in combination with RAG1/2 and HMGB1, increase 12/23 specificity by preferentially inhibiting 12/12 and 23/23 cleavage.
In Vitro Cleavage Activity and 12/23 Rule of ThioredoxinRAGs-Since GST dimerization may create nonfunctional RAG complexes that could interfere in our assays, we wanted to investigate whether the protein requirement for the 12/23 rule was independent of the tag used. For this, we generated Trxcore-RAG-expressing vectors. Thioredoxin was chosen, since it has been shown to increase the solubility of the fusion protein upon extraction from cells, similar to GST, yet does not dimerize. We also added the FLAG tag to the N terminus of Trx-core-RAG1 and the HA tag to the N terminus of Trx-core-RAG2. This protein combination was active in in vivo recombination assays (data not shown). Since the FLAG tag was present only in the RAG1 fusion, we took advantage of the FLAG purifica- tion system to purify the FLAG-Trx-core-RAG1⅐HA-Trx-core-RAG2 (Trx-RAGs) complex. As seen in Supplementary Fig. 3A , we successfully purified the Trx-RAG complex from 293T cells. This protein preparation has three major advantages over the GST-RAGs preparation. First, the RAG1-RAG2 complex is enriched, since RAG2 is purified based on its ability to interact with RAG1 and not with the matrix. Second, the possibility of having RAG1-RAG2 complexes through GST dimerization is eliminated; and third, the presence of degradation products was reduced ( Supplementary Fig. 3A and data not shown).
We next tested the ability of Trx-RAGs to cleave DNA. To increase the sensitivity of the assay as well as to allow detection of the SE product (direct measurement of cleavage at both RSSs), we radiolabeled the linear DNA fragment by PCR as reported (16) . This substrate was incubated with either GSTRAGs or Trx-RAGs. Trx-RAGs alone were very inefficient in cleaving DNA, yet when HMGB1 was added to the reaction, Trx-RAGs showed a higher DNA cleavage activity compared with GST-RAGs (Supplementary Fig. 3 ). Under these conditions, we asked whether Trx-RAGs maintain the 12/23 rule in vitro. For that, we incubated Trx-RAGs with 12/23, 12/12, and 23/23 substrates and quantitated the SE product. As observed in Fig. 4A , at 100 ng of HMGB1, Trx-RAGs cleave efficiently only the 12/23 substrate, although cleavage of 12/12 and 23/23 was also observed. Comparing the levels of SE product, we see a 74-and a 185-fold preference over 12/12 and 23/23 substrates, respectively (Fig. 4A) . At higher amounts of HMGB1 (1500 ng), we clearly see an increase of DNA cleavage in all substrates. However, the increase of SE product was higher with 12/12 and 23/23 substrates, resulting in a very significant decrease in 12/23 specificity. The -fold preference over 12/12 and 23/23 substrates was 15 and 26, reflecting a decrease of 5 and 7 times in 12/23 regulation, respectively (Fig. 4A) . GST-RAGs were less efficient in maintaining the 12/23 rule in the presence of 100 ng of HMGB1, with a -fold preference over 12/12 and 23/23 of 5.1 and 8.8, respectively. However, 12/23 specificity was not significantly affected by increasing the HMGB1 concentration (Fig. 4A) . Overall, Trx-RAGs show higher activity in cleavage and 12/23 regulation when they are compared with GST-RAGs in the presence of HMGB1 (Fig. 4A) .
The 12/12 and 23/23 substrates analyzed in the experiments described above have identical RSSs. To extent our observations to other 12/12 and 23/23 substrates with nonidentical RSSs, we generated two plasmid substrates containing two 12 or two 23 RSSs that differ in the spacer sequence. We chose 5Ј DFL16.1 12RSS to replace one of the RSS in pJH290 12/12 and VH81x 23RSS to change one of the RSS in pJH290 23/23. These RSSs have been shown to be functional in in vivo recombination assays (25) . Thus, these two new plasmids were used to generate the corresponding linear DNA substrates (12/12B and 23/23B) (Fig. 4B) . All substrates were incubated with TrxRAGs and increasing concentrations of HMGB1. The level and type of cleavage were similar to the other 12/12 and 23/23 substrates at all concentrations of HMGB1, with uncoupled and coupled cleavage being increased when high amounts of HMGB1 were used (Fig. 4, A and B) . This HMGB1 effect was also observed in our assays using GST-RAGs (Figs. 1-3) . Interestingly, we observed the appearance of slower migrating bands only with both 23/23 substrates (Fig 4, A and B) . These bands (indicated by a bracket), which migrate above the substrate, may represent transposition products and are currently being investigated. In terms of -fold preference, however, we see a detectable decrease in 12/23 regulation when there is an increase in the amount of HMGB1 in the reaction (except when 12/23 preference is compared with the substrate 12/12B). In summary, the Trx-RAG complex is able to maintain the 12/23 rule in vitro efficiently in the presence of a low concentration of HMGB1. However, when higher concentrations of HMGB1 are present in the reaction, 12/23 regulation is significantly decreased.
Effects of Ku and DNA-PKcs on RAG-mediated Cleavage of Linear and Circular DNA Substrates-Since we found that Ku70/80 in combination with DNA-PKcs preferentially inhibit 12/12 and 23/23 RAG-mediated cleavage when GST-RAGs and 1.5 g of HMGB1 are used, we extended our analyses to reactions containing Trx-RAGs and different amounts of HMGB1. As found in our previous assays with GST-RAGs, Ku70/80 alone is a potent inhibitor of RAG-mediated cleavage, independent of HMGB1 concentration or the linear substrate utilized (Fig. 5, A and B) . DNA-PKcs alone had a mild inhibitory activity only in reactions containing 12/12 or 23/23 substrates (Fig. 5, A and B) . However when DNA-PKcs was used in combination with Ku70/80, there was a high inhibition of RAGmediated cleavage in reactions containing 50 ng of HMGB1 and any type of DNA substrate (Fig. 5A) . In reactions containing 12/23 substrate, SE product was reduced 94 and 92.5% when 100 and 400 ng, respectively, of each DNA-PKcs and Ku70/80 were added to the RAGs/HMGB combination. However, when the concentration of HMGB1 was increased 10 times (500 ng), there was a preferential inhibition of 12/12 and 23/23 RAGmediated cleavage in the presence of Ku70/80 and DNA-PKcs (Fig. 5, A and B) . For example, when 100 ng of each DNA-PKcs and Ku70/80 were added to reactions containing 500 ng of HMGB1, SE product was reduced 47% in 12/23 substratecontaining reactions, in contrast to the 94% observed in the presence of 50 ng HMGB1. In reactions containing 12/12 or 23/23 substrate and 500 ng of HMGB1, SE product was reduced 98.6% (12/12), 94.6% (12/12B), or 100% (both 23/23s). These results indicate that DNA-PKcs in conjunction with Ku70/80 inhibits RAG-mediated cleavage at low concentration of HMGB1. In contrast, in reactions containing 10-times more HMGB1, there is preferential inhibition of 12/12 and 23/23 RAG-mediated cleavage. Therefore, a clear increase in the 12/23 rule is observed when DNA-PKcs and Ku70/80 are present in the cleavage reaction. This increase in 12/23 regulation was also observed in our previous assay using GST-RAG1/2 and high concentration of HMGB1 (Fig. 3) .
It is known that Ku70/80 has a high affinity for DNA ends; therefore, to exclude the possibility that the increase in 12/23 regulation was an artifact due to binding and translocation of Ku70/80 into the DNA, we performed experiments with supercoiled circular DNA. The use of this type of substrate will eliminate the possibility that Ku70/80 modulates RAG-mediated cleavage by binding to DNA ends and possibly activating DNA-PKcs kinase activity or preventing RAG binding and cleavage. Therefore, we analyzed RAG-mediated cleavage using pDS 12/23, pDS 12/12, and pDS 23/23 plasmid substrates, which contain the same substrate sequence as the ones present in the linear DNA. Fig. 6A shows that Trx-RAGs inefficiently cleave 12/23 as well as 12/12 and 23/23 substrates. Titration of HMGB1 results in a clear 12/23 preference, with 50 ng of HMGB1 being enough to obtain this preference. Higher amounts of HMGB1 resulted in a slight increase on 12/23 and 12/12 cleavage, but a considerable increase in 23/23 cleavage was observed (Fig. 6A) . When Ku70/80 and DNA-PKcs (100 or 400 ng each) were added to the reaction, we observed an inhibition of RAG-mediated cleavage in all three substrates. This inhibition was overcome with increasing concentration of HMGB1 in 12/23 substrates but not in 12/12 or 23/23 substrates. Therefore, in conditions of high amounts of HMGB1, Ku70/80 and DNA-PKcs increase the preference for a 12/23 substrate by preferentially inhibiting 12/12 and 23/23 cleavage (Fig. 6B) .
To determine the individual contribution of Ku70/80 and DNA-PKcs on the regulation of RAG-mediated cleavage of circular DNA, we analyzed their effect using two concentrations of HMGB1. Cleavage of all DNA substrates by Trx-RAGs alone was very inefficient and does not show 12/23 preference, yet we observed no supercoiled DNA after the incubation (Fig. 7A,  arrowhead) . When 50 ng of HMGB1 were added to the reaction, a clear preference (ϳ20-fold) for a 12/23 substrate is observed. However, this 12/23 preference is lower when 500 ng of HMGB1 are used (Fig. 7C) . In contrast to the cleavage inhibition observed when Ku70/80 was added to reactions containing linear substrates (Figs. 3 and 5) , we found no inhibition of RAG-mediated cleavage of circular DNA substrates (Fig. 7, A  and B) . On the other hand, we observed a mild inhibition of 12/23 and 23/23 DNA cleavage when DNA-PKcs is added to reactions containing RAGs and HMGB1. When both Ku70/80 and DNA-PKcs are combined with RAGs and 50 ng of HMGB1, a strong inhibition of 12/23, 12/12, and 23/23 DNA cleavage (76, 50, and 60%, respectively) was observed (Fig. 7, A and B) . However, when 500 ng of HMGB1 are used in the reactions this inhibition is only 9% with 12/23 DNA, whereas a 65 and 91% inhibition is still observed with 12/12 and 23/23 DNA cleavage, respectively (Fig. 7, A and B) . Therefore, under these conditions (500 ng of HMGB1 plus Ku70/80 and DNA-PKcs), we observed an increase in the preference for cleavage of a 12/23 DNA substrate by inhibiting preferentially 12/12 and 23/23 DNA cleavage (Fig. 7, B and C) . Furthermore, under the same conditions, for the 12/23 substrate we observed only a delay in the cleavage of DNA when Ku70/80 and DNA-PKcs are present in the reaction, but no obvious difference in the pattern of cleavage is observed ( Supplementary Fig. 4B, right graph) . However, at 50 ng of HMGB1, a dramatic decrease in the cleavage activity was observed throughout the incubation (Supplementary Fig. 4B ).
In conclusion, we observe a modulatory effect on RAG-mediated DNA cleavage by Ku70/80 and DNA-PKcs in reactions using either linear or circular DNA. Under conditions that favor efficient cleavage, the addition of Ku70/80 and DNA-PKcs enhances 12/23 regulation.
DISCUSSION
The 12/23 rule is observed at the cleavage stage of the recombination reaction, with a strong preference for cleaving a 12/23 rather than a 12/12 or 23/23 RSS pair in vivo (14) . In vitro, 12/23 regulation was achieved using lymphoid cell extracts containing overexpressed core RAG proteins with a 25-fold cleavage preference for a 12/23 RSS pairing (16) . In contrast, purified core RAG proteins showed only a slight 12/23 RSS cleavage preference (17) . Together, these observations suggested that other lymphoid-specific or ubiquitous factors might play a role in 12/23-regulated cleavage by RAGs. We have shown that 12/23 RSS cleavage of purified RAGs could be restored by the addition of whole cell extracts from nonlymphoid cells. This indicated that ubiquitous factors were necessary for 12/23 rule regulation (19) . In the present study, we describe the characterization of the ubiquitous factors and showed them to correspond to the NHEJ factors DNA-PKcs and Ku70/Ku80 as well as the previously characterized HMGB2 protein.
We have used linear and supercoiled circular doublestranded DNA cis-RSS cleavage substrates derived from the well characterized pJH290 recombination plasmid for this study and observe that DNA-PKcs and Ku70/Ku80, in the presence of HMGB, enhance the 12/23 rule. We observe specific effects of Ku70/Ku80 in combination with DNA-PKcs and HMGB on RAG-mediated cleavage. In our assays using linear DNA, Ku70/Ku80 alone could have inhibited RAG-mediated cleavage by binding to the ends of the linear double-stranded DNA cis-cleavage substrates and translocating inward to the RSSs, precluding RAGs from accessing their target sites. This idea is supported by the lack of inhibition of RAG-mediated cleavage by Ku70/80 when supercoiled circular DNA is used as substrate. On the other hand, regulated cleavage specificity was recovered with the addition of DNA-PKcs to a reaction containing HMGB, Ku70/Ku80, and RAGs, allowing for high amounts of coupled cleavage of the 12/23 substrate, while inhibiting cleavage of the 12/12 and 23/23 substrates. Although it is possible that Ku70/Ku80 and DNA-PKcs are recruited by the DNA ends of the linear cleavage substrate used in our study, this cannot discount the 12/23 RSS-specific effect, since all three substrates possess identical 5Ј-and 3Ј-ends. Furthermore, these results are supported by our experiments using supercoiled circular DNA, in which we observe a clear preferential inhibition of 12/12 and 23/23 cleavage when HMGB1 is present in higher concentrations, conditions at which we can observe higher cleavage. This preferential inhibition is consistently observed in all our assays, regardless of the fusion proteins and DNA substrates used in the analysis. With the complete protein reconstitution, only the 12/23 substrate is highly competent for cleavage, suggesting that there is a specific cleavage complex containing Ku70/80, DNA-PKcs, and HMGB in addition to the RAGs structured on the double-stranded DNA substrate.
In vivo evidence for a role of DNA-PKcs in 12/23 regulation comes from a study using SCID/ϩ or SCID/SCID pre-B cells. Lew et al. (26) have reported an increase of V1/J1/2 interlocus joints in the SCID/SCID background, which are produced from RSS pairings in violation of the 12/23 rule. It was concluded that recombination intermediates from the different chromosomes were joined in a nonspecific manner. In light of our observations and the high levels of 23/23 joining reported by Lew et al. (26) , it is possible that the 12/23 rule is specifically being violated in these cell lines due to the mutation in DNAPKcs. Further studies are required to elucidate the role of DNA-PKcs as well as Ku70/Ku80 in 12/23 regulation in vivo. These studies will require the use of very sensitive substrates to specifically investigate cleavage, since DNA ends generated from 12/12 or 23/23 cleavage are likely to be unstable and be very inefficient at generating 12/12 and 23/23 joining products. Our preliminary experiments using DNA-PKcs-and Ku-deficient cells have not yet detected these joining products (data not shown).
What is the role of HMGB in 12/23 regulation? Previous studies have shown that RAGs and HMGB1/HMGB2 are the only proteins required for 12/23 regulation in vitro (13, 15, 20, 21) . All of these experiments used either trans-cleavage substrates (13, 21) , in which the target RSSs are on separate double-stranded DNA oligonucleotides, or modified forms of cis-cleavage substrates in which the 12RSS and 23RSS were in the same double strand DNA molecule but with a nick or single-stranded DNA gap between the RSSs (15, 20) . In addition, these substrates have inter-RSS spacing completely absent or considerably shorter than the minimal inter-RSS spacing found in typical in vivo recombination substrates (15, 20) .
The in vivo role of HMGB proteins in V(D)J recombination is still an unresolved issue. Transfection experiments using mammalian cells and exogenous recombination substrates have shown that overexpression of either HMGB1 or HMGB2 results in an increase of signal joint formation (27) . However, HMGB1Ϫ/Ϫ or HMGB2 Ϫ/Ϫ knockout mice show no obvious abnormalities in lymphocyte development (28, 29) . This may be due to redundancy in the HMGB family, to the participation of a different HMGB-like protein, or simply to the fact that there exist other unknown mechanisms responsible for the formation of the postulated 12/23 synaptic complex in vivo. Our results suggest that in addition to HMGB1 (2), DNA repair factors Ku70/80 and DNA-PKcs may be important components of the precleavage complex. eficial if it is correctly targeted and ultimately repaired properly. The 12/23 rule is a critical level of regulation for the reaction and is an indication of correct synaptic complex formation. By having DNA-PKcs and Ku70/Ku80 as part of this correct complex, RAG-mediated breaks would occur in the genome only where the DNA-PK is already situated, so that no further recruitment is necessary to effect its DNA-damage response. In the absence of DNA-PKcs or Ku70/80, RSS breaks could still occur, as is seen in mice or cell lines deficient for components of the DNA-PK. These RSS breaks could possibly be deregulated, at single RSS or improperly paired RSS targets.
In NHEJ-deficient mice, p53-dependent apoptosis occurs in lymphocytes attempting to rearrange their antigen receptors. In a p53-deficient background, the absence of XRCC4, of ligase IV, or of any component of the DNA-PK can result in the development of B cell lymphomas (see Ref. 30 and references therein). Pro-B cell lymphomas possessing t(12;15) translocations from mice with a SCID p53 Ϫ/Ϫ background are due to RAG activity, since generation of these lymphomas is suppressed by a RAG2 null mutation (31) . Interestingly, p53-deficient mice competent for NHEJ do not develop these types of B cell lymphomas or these types of translocation events (32) . This alteration in lymphoma class may indicate that translocations may not be solely due to deficient NHEJ repair after RAG-mediated breaks (30) . We suggest that in addition to the repair defect in these NHEJ-deficient mice, deregulated V(D)J cleavage leading to formation of anomalous and/or unstable postcleavage complexes should be considered as a precipitating factor for translocation events. Future in vivo studies should be directed to test this hypothesis.
Based on the presence of RAG-mediated double strand breaks found in Ku70-, Ku80-, and DNA-PKcs-deficient mice and cell lines, these NHEJ factors have been proposed to participate only in the second step of V(D)J recombination, the DNA repair and joining phase (33) . Our work assigns new roles for DNA-PKcs and Ku70/Ku80 in V(D)J recombination. We propose that the RAGs and HMGB assemble with DNA-PKcs and Ku70/80 and the target RSSs to form a complex at the cleavage stage of the V(D)J recombination reaction. DNA-PK, as an obligate part of the synaptic cleavage structure, could assist in preventing aberrant RAG-mediated cleavage events and would be preemptively situated at the sites of proper RAG-mediated cleavage, allowing for a rapid and directed response to the DNA lesions.
